Background: CD47 is a widely expressed receptor that regulates cellular responses to stress. Results: CD47 regulates metabolic pathways required to control glucose metabolism, oxidative stress, DNA repair, and energetics after exposure to ionizing radiation. Conclusion: CD47 broadly limits the capacity of cells and tissues to survive and recover from damage caused by ionizing radiation. Significance: CD47-targeted therapeutics could be global regulators of cell metabolism. phosphate pathway; UPLC, ultrahigh performance liquid chromatography; ANOVA, analysis of variance; Gpx1, glutathione peroxidase-1.
Modulating tissue responses to stress is an important therapeutic objective. Oxidative and genotoxic stresses caused by ionizing radiation are detrimental to healthy tissues but beneficial for treatment of cancer. CD47 is a signaling receptor for thrombospondin-1 and an attractive therapeutic target because blocking CD47 signaling protects normal tissues while sensitizing tumors to ionizing radiation. Here we utilized a metabolomic approach to define molecular mechanisms underlying this radioprotective activity. CD47-deficient cells and cd47-null mice exhibited global advantages in preserving metabolite levels after irradiation. Metabolic pathways required for controlling oxidative stress and mediating DNA repair were enhanced. Some cellular energetics pathways differed basally in CD47-deficient cells, and the global declines in the glycolytic and tricarboxylic acid cycle metabolites characteristic of normal cell and tissue responses to irradiation were prevented in the absence of CD47. Thus, CD47 mediates signaling from the extracellular matrix that coordinately regulates basal metabolism and cytoprotective responses to radiation injury.
Cell and tissue responses to stress are key determinants of the outcome of many disease processes. In multicellular organisms, programmed cell death can be an appropriate response to genotoxic stress to limit the accumulation of genomic mutations that could result in malignancies (1) . However, therapeutics that minimize the off target cell death caused by cytotoxic chemotherapy and radiation therapy are also needed for treating cancer.
Resistance to stress can be conferred by activation of protective processes such as autophagy and DNA damage repair pathways (2) . These processes are accompanied by a metabolic reprogramming that preserves scarce nutrients and initiates repair or degradation of damaged cell components (3) . Several studies have systematically defined the metabolic changes that are induced in cells and live animals exposed to low or high doses of ionizing radiation (IR). 4 High dose radiation results in the loss of metabolites associated with oxidative stress and DNA damage responses (4) . These metabolic alterations include accumulation of degradation products derived from oxidized membrane lipids and damaged DNA, loss of glutathione and NADH, and induction of precursors involved in nucleotide biosynthesis that are required for DNA repair (4 -7) . In animals, the metabolic changes associated with IR injury have largely been measured indirectly by assessing changes in serum or excreted urinary metabolites, which can be employed as biomarkers for radiation damage (8 -11) . Changes in tissue metabolite levels are often inversely related to those measured in serum (12) .
In the context of therapeutic irradiation for treating cancer, an ideal outcome would be to maximize cell death responses in irradiated tumor tissue while protecting nearby healthy tissues. General radioprotectants such as the radical scavenger amifostine show some specificity for selectively protecting healthy cells (13) but have not extended cancer patient survival in the context of radiotherapy (14) . Targeting repair pathways that are dysregulated in the context of mutated oncogenes and tumor suppressor genes is one promising approach to achieve selective radioprotection but requires much further development (6, (15) (16) (17) .
We have identified a novel signaling pathway controlled by the extracellular environment that modulates cell responses to a variety of stresses. Mice lacking the secreted glycoprotein thrombospondin-1 or its cell surface signaling receptor CD47 are remarkably resistant to fixed ischemic injuries, ischemia/ reperfusion injury, and exposure to high doses of IR (18, 19) . Pharmacological blockade of CD47 in wild type (WT) mice protects radiosensitive tissues and increases survival of lethal total body irradiation (20, 21) . Radioresistance is an intrinsic property of thrombospondin-1 or cd47-null cells, and temporary disruption of CD47 signaling induces radioresistance in WT cells (19, 20) . The radioresistance of cd47-null cells or blockade of CD47 in WT cells requires induction of protective autophagy (22) . Moreover, studies in tumor-bearing mice revealed that, although normal tissues and tumor associated CD8 ϩ T cells in these mice are protected from radiation injury, irradiated tumors show increased CD8 ϩ T cell-dependent therapeutic ablation after CD47 blockade (20, 23) . Thus, the CD47 pathway is a promising therapeutic target to enhance the efficacy of tumor irradiation while minimizing damage of critical organs exposed to the radiation field.
Although global metabolic changes caused by IR have been identified, which of these could be targeted to confer selective radioresistance is unknown. To globally identify molecular mechanisms by which CD47 blockade selectively confers resistance to the metabolic stress caused by IR, we have performed a metabolomic analysis of Jurkat T cells and a somatic mutant derived from this cell line that specifically lacks CD47 (24) . In parallel, metabolic changes in response to irradiation were studied in WT and cd47-null mice. These studies demonstrate that CD47 blockade or deficiency broadly prevents detrimental metabolic alterations associated with radiation injury.
Experimental Procedures
Cells-Wild type Jurkat T cells (E6.1, ATCC) and the CD47deficient (CD47(Ϫ)) Jurkat somatic mutant clone JinB8 (24) were maintained at 2-5 ϫ 10 5 cells per ml in RPMI 1640 medium supplemented with glutamine, penicillin/streptomycin, and 10% FBS (Life Technologies). Cells were maintained in culture for a maximum of 4 weeks.
Irradiation of Cells-Cells were expanded to 5 million cells per sample. Cells were passed into fresh complete media to 1 ϫ 10 6 cells per ml on the day before irradiation. On the day of irradiation, cells were pooled into 125-cm 2 tissue culture flasks and irradiated using a Precision X-Ray X-Rad 320 (operating at kV/10 mA with a 2-mm aluminum filter; Precision X-Ray, East Haven, CT). The dose rate at 50 cm from the x-ray source was 242 centiGy/minute as determined by multiple thermoluminescent dosimeter readings. Control cells (non-irradiated, t ϭ 0) were handled in the exact same manner with the exception of radiation exposure. At 0, 2, or 8 h after IR exposure, cells were pelleted in 50-ml conical tubes and transferred to pre-cooled 2-ml cryo-vials and immediately frozen on liquid nitrogen. At each time point we sampled both WT and CD47(Ϫ) cells in 6 replicates with 5 million cells in each replicate sample. Samples were maintained at ՅϪ70°C for 1 week before shipping to Metabolon for analysis.
Mouse Irradiation-WT and cd47-null mice (25) extensively back-crossed onto a C57Bl/6J background were obtained from The Jackson Laboratory. All mice were bred in the same vivarium before use to ensure consistent microbiomes. Care and handling of animals was in accordance with protocol LP-012 approved by the Animal Care and Use Committee of the National Cancer Institute. Groups of 12-week-old sex-matched WT and cd47-null mice received 7.6 Gy of total body irradiation delivered by a Therapax DXT300 x-ray irradiator (Pantak, Inc., East Haven, CT) using 2.0-mm Al filtration (300 peak kilovoltage) at a dose rate of 2.53 Gy/min. At 24 h post-IR lung tissue was harvested and flash-frozen for metabolomic analysis.
Cell Viability-WT and CD47(Ϫ) cells from the same pool of cells destined for metabolomic analysis were plated at a density of 7 ϫ 10 3 cells/well in 96-well plates. At 24 h after plating, the cells were exposed to a single dose of radiation and allowed to incubate another 72 h at 37°C. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reduction using the CellTiter 96 Aqueous One Solution cell proliferation assay (Promega G5421) as per the manufacturer's instructions, and absorbance at 490 nm was determined with a 96-well plate based spectrophotometer (Dynatech, Alexandria, VA).
Gene Expression Studies-At the indicated times after irradiation, RNA was extracted using TRIzol (Invitrogen) according to the manufacturer's protocol. cDNA was synthesized from 1-5 g of total RNA using Superscript first strand RT-PCR reagents (Invitrogen) according to the manufacturer's protocol. Quantitative real-time-PCR was then performed using the SYBR Green kit (Thermo) using specific gene primer sets.
Metabolite Analysis-Metabolomic profiling analysis was performed by Metabolon as previously described (26, 27) . Each sample was accessioned into the Metabolon LIMS system and was assigned by the LIMS, a unique identifier that was associated with the original source identifier only. This identifier was used to track all sample handling, tasks, results, etc. The samples (and all derived aliquots) were tracked by the LIMS system. All portions of any sample were automatically assigned their own unique identifiers by the LIMS when a new task is created; the relationship of these samples is also tracked. All samples were maintained at Ϫ80°C until processed.
Sample Preparation-Samples were prepared using the automated MicroLab STAR system from Hamilton Company. A recovery standard was added before the first step in the extraction process for quality control purposes. Sample preparation was conducted using aqueous methanol extraction process to remove the protein fraction while allowing maximum recovery of small molecules. The resulting extract was divided into four fractions: one for analysis by ultrahigh performance liquid chromatography/tandem mass spectrometry (UPLC/MS/MS, positive mode), one for UPLC/MS/MS (negative mode), one for gas chromatography/mass spectrometry (GC/MS), and one for backup. Samples were placed briefly on a TurboVap (Zymark) to remove the organic solvent. Each sample was then frozen and dried under vacuum. Samples were then prepared for the appropriate instrument, either UPLC/MS/MS or GC/MS. UPLC/MS/MS-The LC/MS portion of the platform was based on a Waters ACQUITY UPLC and a Thermo-Finnigan linear trap quadrupole mass spectrometer, which consisted of an electrospray ionization source and linear ion-trap mass analyzer. The sample extract was dried then reconstituted in acidic or basic LC-compatible solvents, each of which contained eight or more injection standards at fixed concentrations to ensure injection and chromatographic consistency. One aliquot was analyzed using acidic positive ion optimized conditions and, the other was analyzed using basic negative ion-optimized conditions in two independent injections using separate dedicated columns. Extracts reconstituted in acidic conditions were gradient-eluted using water and methanol containing 0.1% formic acid, whereas the basic extracts, which also used water/methanol, contained 6.5 mM ammonium bicarbonate. The MS analysis alternated between MS and data-dependent MS 2 scans using dynamic exclusion. Raw data files are archived and extracted as described below.
GC/MS-The samples destined for GC/MS analysis were redried under vacuum desiccation for a minimum of 24 h before being derivatized under dried nitrogen using bistrimethyl-silyltriflouroacetamide. The GC column was 5% phenyl, and the temperature ramp was from 40°to 300°C in a 16-min period. Samples were analyzed on a Thermo-Finnigan Trace DSQ fastscanning single-quadrupole mass spectrometer using electron impact ionization. The instrument was tuned and calibrated for mass resolution and mass accuracy on a daily basis. The information output from the raw data files was automatically extracted as discussed below.
Additional samples were included with each day's analysis for quality control. These samples included extracts of a pool created from a small aliquot of the experimental samples and process blanks. Quality control samples were spaced evenly among the injections, and all experimental samples were randomly distributed throughout the run. A selection of quality control compounds was added to every sample for chromatographic alignment, including those under test. These compounds were carefully chosen so as not to interfere with the measurement of the endogenous compounds.
Data Extraction and Compound Identification-Raw data were extracted, peak-identified, and quality control-processed using Metabolon's hardware and software. These systems are built on a web-service platform utilizing Microsoft's .NET technologies, which run on high performance application servers and fiber-channel storage arrays in clusters to provide active failover and load-balancing. Compounds were identified by comparison to library entries of purified standards or recurrent unknown entities. More than 2400 commercially available purified standard compounds have been acquired and registered into LIMS for distribution to both the LC and GC platforms for determination of their analytical characteristics.
Measurement of Glucose Uptake-Glucose uptake by WT and CD47-defficient Jurkat T cells was measured by using NBDG (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2deoxyglucose), a fluorescently labeled deoxyglucose analog (Life Technologies). Briefly, cells were left untreated or exposed to a 10 Gy dose of IR. Fluorescent Units were quantified 24 h after treatment (n ϭ 3. *, p Ͻ 0.05).
Measurement of Citrate Synthase Activity-Citrate synthase activity was determined in homogenates prepared from Jurkat cells using a citrate synthase assay kit (CS0720; Sigma). Protein was determined using the bicinchoninic acid assay, and normalized concentration was used to perform the assay. Citrate synthase activity was determined in triplicate based on the formation of 2-nitro-5-thiobenzoic acid at a wavelength of 412 nm at 25°C on a spectrophotometer. In each well, a 1 g/l of sample was added to a reaction medium containing assay buffer (30 mM acetyl coenzyme A and 10 mM 2-nitro-5-thiobenzoic acid). The baseline solution absorbance was recorded, reactions were initiated by the addition of 10 l of oxaloacetic acid, and the change in absorbance was measured every 20 s for 2 min.
Flow Cytometry-WT and CD47(Ϫ) Jurkat T cells were irradiated with 10 Gy, and flow-cytometry analysis was performed 24 h later. Cells were stained with anti-human glucose-transporter-1 (GLUT1) (Thermo Scientific, Rockford, IL) followed by anti-rabbit Alexa Fluor 488 dye (Thermo Scientific). Cells were washed three times and resuspended in Hanks' balanced salt solution at 1 ϫ 10 6 cells in 1000 l. Samples then were analyzed on a LSRII (BD Biosciences).
Measurement of GSH and GSSG-WT and CD47(Ϫ) Jurkat cells were collected before and at 2, 8, and 24 h after irradiation with 10 Gy or sham treatment using 5 million cells per time point/treatment. Cells were washed twice with PBS and lysed according to the manufacturer's protocol using the glutathione assay kit (Cayman Chemical 703002). GSH and GSSG were quantified using the kit and normalized to the total protein in each sample. The absolute GSH and GSSG concentrations were used to calculate the half-cell potential of the redox couple 2GSH 7 GSSG ϩ 2H ϩ using the Nernst equation at pH 7.4 and 25°C. Error bars indicate the S.E. of n ϭ 3.
Measurement of NADH/NAD ϩ and Total NAD-WT and CD47(Ϫ) Jurkat T cells were collected before and at 2, 8, and 24 h after irradiation with 10 Gy or sham treatment using 5 million cells per time point/treatment. Cells were washed twice with PBS and lysed according to the manufacturer's protocol using the NAD/NADH assay kit (Abcam ab65348). NADH and NAD ϩ were quantified using the kit and normalized to the total protein in each sample. Error bars indicate a S.E. of n ϭ 2.
Statistical Analysis-Missing values (if any) are assumed to be below the level of detection. However, biochemicals that were detected in all samples from one or more groups but not in samples from other groups were assumed to be near the lower limit of detection in the groups in which they were not detected. In this case, the lowest detected level of these biochemicals was imputed for samples in which that biochemical was not detected. After log transformation and imputation with minimum observed values for each compound, data were proteinnormalized by Bradford assay, and both an ANOVA contrast and two-way ANOVA with random effects were used to identify biochemicals that differed significantly between experimental groups. Pathways were assigned for each metabolite, allowing examination of overrepresented pathways.
Results

CD47 Controls Global Metabolic Resistance to Radiation-
WT and CD47(Ϫ) Jurkat T cells used for metabolomic analysis were irradiated at 10 Gy and analyzed after 2 or 8 h along with untreated controls. Consistent with our published findings (22) , viability of the irradiated WT cells was reduced to 40% at 72 h, but 90% of the irradiated CD47(Ϫ) cells remained viable ( Fig. 1A) . As expected, irradiation of WT Jurkat T cells resulted in profound alterations in cellular metabolism (4, 7) . Of the 342 named metabolites quantified, 27 were significantly altered at 2 h and 112 at 8 h after irradiation (Table 1 ). Of these, the majority progressively fell below baseline levels (81% at 2 h and 98% at 8 h, respectively). In contrast, the metabolome of irradiated CD47(Ϫ) cells was remarkably stable, with only 6 metabolite levels significantly altered at 2 h and 29 at 8 h. Remarkably, 86% of the metabolites in CD47(Ϫ) cells that were altered at 8 h showed increased rather than decreased abundance. Thus, the overall conclusion of this analysis is that CD47(Ϫ) cells are globally resistant to the metabolic changes caused by IR. Moreover, the opposing directions of metabolite alterations at 8 h suggest that CD47(Ϫ) cells actively compensate for radiation stress by increasing levels of key metabolites.
Globally, CD47(Ϫ) cells are also in a distinct basal metabolic state ( Table 1) . Levels of 94 (27%) of the measured metabolites differed significantly between non-irradiated WT and CD47(Ϫ) cells. Of these the majority were lower in CD47(Ϫ) cells, but 8 h after irradiation the majority became higher in the CD47(Ϫ) cells. ANOVA analysis indicated that the variance for 128 of the metabolites was primarily attributable to CD47 genotype, 23 primarily to time-dependent radiation effects, and 53 to the interaction between CD47 genotype and irradiation. Thus, CD47 expression has major impacts on Jurkat T cell metabolism in the absence and presence of genotoxic stress.
CD47 Regulates Cellular Energetics-Examination of specific metabolic pathways revealed multiple effects of CD47 signaling on cellular energetics under basal conditions and in response to radiation. The major energy currency of cells is glucose, and IR was previously shown to acutely induce cellular glucose uptake at 2-5 h into LS180 colon adenocarcinoma cells by stimulating expression of the transporter GLUT1 and its retention by hexokinase-mediated phosphorylation (28) . Because CD47 deficiency elevates c-Myc levels (29) and c-Myc is known to positively regulate glucose uptake (30), we examined uptake of NBDG ( Fig. 1B ). Consistent with their increased c-Myc expression, CD47(Ϫ) cells showed elevated basal uptake. NBDG uptake decreased 2 h after irradiation in WT and CD47(Ϫ) cells and remained significantly higher in irradiated CD47(Ϫ) cells than in irradiated WT and slightly above that of untreated WT cells. The increase in glucose uptake was associated with increased GLUT1 expression in CD47(Ϫ) cells after exposure to IR when compared with WT cells (1C).
A metabolic tracing study using 1,2-[ 13 C]glucose determined that ϳ60% of glucose is metabolized by Jurkat cells via glycolysis to lactate (31) . Glycolytic intermediates were generally lower in untreated CD47(Ϫ) cells than in WT cells ( Fig. 1D ). Based on the increased uptake of glucose, the lower basal levels of glycolytic intermediates in CD47(Ϫ) cells probably indicate less downstream regulation of the glycolytic flux in CD47(Ϫ) cells. After irradiation, levels of glycolytic metabolites generally fell in WT cells but were maintained in CD47(Ϫ) cells. Consistent with a report that high dose radiation decreased fructose/glucose-1,6-diphosphate, dihydroxyacetone phosphate, and lactate levels in guinea pig myocardium (32) , fructose/glucose-1,6-diphosphate, dihydroxyacetone phosphate, pyruvate, and lactate all declined significantly at 8 h after irradiation in WT cells but remained stable in CD47(Ϫ) cells. The one exception to this trend was free glucose, which was transiently elevated in WT cells 2 h after irradiation. These results further indicate that metabolism of glucose via glycolysis decreases after irradiation of WT cells but persists in CD47(Ϫ) cells.
Although basal intracellular lactate levels did not differ significantly between WT and CD47(Ϫ) cells, assessment of extracellular acidification 24 h after irradiation further indicated that CD47(Ϫ) cells maintain a higher flux of glucose metabolism to lactate (Fig. 1E) . In contrast to the selective fall in intracellular lactate in irradiated WT cells, extracellular acidification was not significantly altered by irradiation in either cell line.
CD47 Regulation of the Pentose Phosphate Pathway and Nucleotide Biosynthesis-Based on isotopic metabolic tracing, the pentose phosphate pathway (PPP) contributes only ϳ3% of lactate production in Jurkat cells (31) , but this pathway is a major source of intermediates for de novo nucleotide biosynthesis and provides cellular NADPH required for handling oxidative stress and repairing damage caused by radiation. Basal 6-phosphogluconate was higher in CD47(Ϫ) cells. A lower basal flux through the PPP for CD47(Ϫ) cells was suggested by lower levels of ribose and ribulose. Remarkably, IR induced opposing changes in the PPP in WT and CD47(Ϫ) cells ( Fig. 2) . Levels of 6-phosphogluconate rapidly increased in irradiated WT cells but fell to WT levels in CD47(Ϫ) cells. Taken together these data indicate that radiation stress in WT but not CD47(Ϫ) cells is associated with a shift from glycolysis to the PPP for metabolism of glucose. Thus, WT cells progressively lose their capacity to maintain glycolysis and only transiently increase flux through the PPP after irradiation, but these pathways remain relatively stable in irradiated CD47(Ϫ) cells.
Ribose 5-phosphate derived from the PPP is required for de novo nucleotide biosynthesis. Inosine 5-monophosphate is a key intermediate in purine nucleotide biosynthesis. Untreated WT and CD47(Ϫ) cells had comparable basal levels of inosine 5Ј-monophosphate (Fig. 3A) . After irradiation, levels fell significantly in WT cells but were elevated in CD47(Ϫ) cells. Similar differences between WT and CD47(Ϫ) cells were seen in levels of adenine and guanine nucleotides that derive from inosine monophosphate. Levels of adenylsuccinate, AMP, ADP, deoxy-ADP, and GMP fell progressively after irradiation in WT cells but remained stable in CD47(Ϫ) cells (Fig. 3A) . Pyrimidine nucleotide biosynthesis in irradiated cells was similarly sensitive to CD47, with uridine 5Ј-monophosphate and downstream metabolites falling in irradiated WT cells but not in CD47(Ϫ) cells (Fig. 3B) . Thus, CD47 coordinately regulates nucleotide biosynthesis required to repair DNA damage caused by IR, and CD47 deficiency preserves nucleotide biosynthetic capacity in irradiated cells.
Several additional metabolites involved in DNA damage repair showed CD47-dependent responses to irradiation. 5-Methyltetrahydrofolate is required for thymidine biosynthesis, and folate restriction is known to increase DNA damage caused by IR (33) . After IR exposure, 5-methyltetrahydrofolate levels declined at 2 and 8 h in WT cells but remained stable in CD47(Ϫ) cells (Fig. 3B ). Pyrophosphate (PP i ) is released, as nucleotides are incorporated into DNA, which is associated with radiation-induced DNA damage in vivo (34) . PP i levels were diminished by 8 h in WT cells, but no significant differences were observed in irradiated CD47-deficient cells (supplemental Table 1 ). Lower levels of PP i in WT cells further indicate a decreased capacity for DNA synthesis/repair after radiation exposure. Biotin serves as a covalently bound coenzyme in select carboxylases and is also attached to histones. In this capacity, biotin is required for the prevention of DNA damage (35) . Biotin levels significantly declined in WT cells by 8 h but only transiently decreased in CD47(Ϫ) cells (Supplemental Table 1 ).
CD47 Regulation of the Krebs Cycle-Tricarboxylic acid (TCA) cycle metabolites were strongly regulated by CD47 expression. Most TCA intermediates progressively fell in irradiated WT cells but not in irradiated CD47(Ϫ) cells (Fig. 4) . Substrates feeding into the TCA cycle and intermediary metabolites in this cycle did not differ basally between WT and CD47(Ϫ) cells. However, levels of the citrate synthase products citrate and 2-methyl citrate, the latter derived from catabolism of some aliphatic amino acids and odd chain fatty acids, were significantly lower in CD47(Ϫ) cells. Lower levels of propionyl carnitine in CD47(Ϫ) cells were consistent with the lower 2-methylcitrate level (supplemental Table 1 ), suggesting decreased basal lipid and/or aliphatic amino acid catabolism in the absence of CD47.
Because levels of the citrate synthase substrate acetyl-CoA and the TCA intermediates succinate, fumarate, and malate were not lower in irradiated CD47(Ϫ) cells, we considered that citrate synthase may be negatively regulated by CD47 signaling, thereby preventing accumulation of citrate and 2-methylcitrate. Consistent with this hypothesis, basal levels of citrate synthase mRNA and enzymatic activity were lower in CD47(Ϫ) cells (Fig. 4, B and C) . IR resulted in further decreases in citrate levels in CD47-deficient cells but not in WT cells. Citrate synthase mRNA levels progressively decreased in irradiated WT cells, but levels were elevated 6-fold and 10-fold at 8 and 24 h, respectively, in irradiated CD47(Ϫ) cells. Consistent with the low citrate levels at 2 and 8 h and the late induction of its mRNA, citrate synthase activity in CD47(Ϫ) cells remained low at 2 and 8 h but increased 24 h after exposure to IR. This suggests that citrate synthase activity in irradiated CD47(Ϫ) cells is regulated at the protein level, whereas the elevated citrate synthase mRNA in irradiated CD47(Ϫ) cells may result from loss of catabolite repression as previously reported for citrate synthase in yeast (36) .
Blockage of the TCA cycle at citrate synthase may also explain the remarkable elevation of acetylated peptide metabolites in CD47(Ϫ) cells (Fig. 5 ). In brain, acetylated peptides derive from redirection of the citrate synthase substrates via aspartyl aminotransferase and aspartyl N-acetyltransferase to synthesize N-acetyl aspartate (NAA), which was elevated ϳ5-fold in CD47(Ϫ) cells relative to WT (Fig. 5A) . N-Acetyl aspartate can be further metabolized to N-acetyl-aspartyl-glutamate, and this dipeptide was similarly elevated in CD47(Ϫ) cells. Recent studies have revealed that this pathway occurs outside the CNS in pancreatic cancer (37) , and cells bearing isocitrate dehydrogenase mutations showed a corresponding depletion of these two acetylated peptides (26) . Thus, we propose that the absence of CD47 redirects carbon flux through the TCA cycle and acetyl-CoA toward synthesis of acetylated peptide metabolites.
N-Acetyl-aspartyl-glutamate is degraded extracellularly by the membrane-bound dipeptidyl peptidase encoded by NAALAD2 (38) . NAALAD2 mRNA levels were induced ϳ3-fold 2 h after irradiation in WT cells but Ͼ10-fold in CD47(Ϫ) cells (p Ͻ 0.05; Fig. 5B ). Thus, CD47(Ϫ) cells may have increased capacities to both synthesize and extracellularly degrade acetylated peptides.
Preservation of Mitochondrial Function in the Absence of CD47-Consistent with the elevated mitochondrial numbers and function reported in some tissues of cd47-null mice (39), CD47(Ϫ) Jurkat cells had more mitochondrial mass than WT cells based on Mitotracker staining (Fig. 6A ). mRNA levels for FIGURE 1. CD47 regulates glucose uptake and glycolysis. A, MTS viability assay for WT and CD47(Ϫ) Jurkat T cells before and after irradiation at 10 Gy. B, uptake of NBDG was measured 24 h after irradiation at 10 Gy. C, GLUT1 expression assessed by flow cytometry. D, glycolytic metabolites were quantified before and 2 and 8 h after irradiation of WT and CD47(Ϫ) cells. E, extracellular acidification rate (ECAR) was used to assess glycolytic flux to lactate in control and irradiated cells (mean Ϯ S.D. n ϭ 3-4; *, denotes p Ͻ .01). AUC, area under the curve. Significant up-or down-regulation of individual metabolites relative to the respective basal levels (p Ͻ 0.05) is indicated by red and green boxes, respectively. For the box plots in all figures: center horizontal line ϭ median value; ϩ ϭ mean value; box height ϭ limits of upper and lower quartiles, whiskers ϭ max and min of distribution; E ϭ extreme data point; n ϭ 6.
TABLE 1 Summary statistics of global metabolic responses to ionizing radiation in WT and CD47-deficient Jurkat T cells
Top panel; Numbers of named metabolites that were significantly up-or down regulated (1Խ2) based on ANOVA contrasts for the indicated comparisons. Bottom panel; Numbers of altered metabolites significantly associated with genotype, time, or the interaction between genotype and time variables based on two-way ANOVA.
the mitochondrially encoded cytochrome C oxidase subunit-1 (MTCO1) were also higher in CD47(Ϫ) cells ( Fig. 6B ). At 24 h after irradiation, we observed a further increase in mitochondrially encoded cytochrome C oxidase subunit-1 mRNA in irradiated CD47(Ϫ) cells but no significant change in WT cells.
Basal and radiation-induced changes in mitochondrial energy metabolism were validated by assessing cellular oxygen consumption. The basal oxygen consumption rate (OCR) was elevated in untreated CD47(Ϫ) cells relative to WT cells (Fig. 6 , C and E). Basal OCR was elevated in both cell lines after irradiation but remained higher in the CD47(Ϫ) cells. The irradiated CD47-deficicent cells also exhibited a greater spare respiratory capacity as indicated by the marked increase in OCR when irradiated CD47(Ϫ) cells were treated with the electron transport accelerator carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP; Fig. 6C ). WT cells treated with an antisense morpholino to decrease CD47 expression had increased spare respiratory capacity (defined by the difference in basal and carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone-treated OCR) after irradiation, confirming that CD47 regulates mitochondrial respiration (Fig. 6D ).
Non-mitochondrial oxygen consumption was minimal in
Jurkat cells under all conditions. The increased mitochondrial flux in CD47(Ϫ) cells implies that these cells maintain a more favorable NADH/NAD ϩ ratio. We could not determine absolute NADH/NAD ϩ ratios from the metabolomic data, but independent enzymatic measurement of NAD ϩ and NADH concentrations confirmed a more favorable basal NADH/ NAD ϩ ratio in CD47(Ϫ) cells (Fig. 6H) . The higher NADH/ NAD ϩ ratio in CD47(Ϫ) cells was maintained after irradiation. In addition, the total NAD level is significantly lower in the CD47(Ϫ) cells (19%; p Ͻ 0.01; Fig. 6I ) at 24 h post IR exposure versus pre-exposure. The decrease in total NAD levels at 24 h post exposure in the CD47(Ϫ) cells could be due to the increased demand for DNA repair and were thereby consistent with ribose 5-phosphate data discussed above. Total NAD levels normalized to total protein were consistently lower in CD47(Ϫ) cells than WT. However, this may reflect increased per cell protein levels induced by c-Myc in CD47(Ϫ) cells (29) .
PGC1␣ is a key transcriptional coactivator that regulates mitochondrial homeostasis and coordinates lipid oxidation with TCA cycle flux. Activation of PGC1␣ can protect tissues by limiting oxidative stress (40, 41) . Radiation induced increases in PGC1␣ mRNA levels in both cell lines, but levels were higher in the CD47(Ϫ) cells 24 h post IR (Fig. 6F ). Glutathione peroxidase-1 (Gpx1) is a known target of PGC1␣ and was also elevated selectively in irradiated CD47(Ϫ) cells (Fig. 6G) .
CD47 Regulates Labile Methyl Group Homeostasis-Creatine is a critical element of cellular energetics in some tissues by providing a reservoir for the high energy phosphate donor phosphocreatine (42) . Creatine biosynthesis also accounts for a majority of the metabolic utilization of labile methyl groups and thus is an indicator of the availability of methyl donors for other biosynthetic and epigenetic regulatory functions. The decreased levels of creatine and its non-enzymatic catabolite creatinine in irradiated WT cells at 8 h are consistent with the decreased creatine levels that were reported in irradiated rat limbs (43) (Fig. 7A) . Increased urinary excretion of creatine and its catabolite creatinine are biomarkers of whole body irradiation in rats (44) , and creatine was identified as a urinary radiation biomarker in a nonhuman primate (11) . Notably, baseline creatine levels were much higher in CD47(Ϫ) cells and persisted after irradiation (Fig. 7A ). This may provide cytoprotection to CD47(Ϫ) cells given that exogenous creatine was shown to protect keratinocytes from free radical damage caused by UV irradiation (45) .
The mechanism by which CD47 limits creatine levels in WT cells remains to be determined, but levels of its metabolic precursors cannot explain the marked elevation in CD47(Ϫ) cells. Levels of the precursors arginine and glycine were moderately lower in untreated CD47(Ϫ) cells ( Fig. 7A and supplemental Table 1 ). Biosynthesis of creatine also requires the methyl donor S-adenosylmethionine, and basal S-adenosylmethionine levels were notably higher in CD47(Ϫ) cells (Fig. 7A) .
The limiting step in creatine biosynthesis is catalyzed by glycine amidinotransferase (GATM). GATM is highly regulated at the level of its gene expression and enzymatic activity. Basal levels of GATM mRNA were similar in WT and CD47(Ϫ) cells, but their responses to radiation diverged (Fig. 7B ). GATM mRNA in WT cells briefly rose at 2 h after irradiation but fell at later time points. Conversely, GATM mRNA levels in CD47(Ϫ) cells initially declined but were markedly elevated at 8 and 24 h. Thus, differential CD47-dependent regulation of GATM mRNA may account for the preservation of creatine biosynthesis in irradiated CD47(Ϫ) cells, but additional levels of regulation are needed to explain the basal regulation of creatine levels by CD47.
Preservation of labile methyl group availability in irradiated CD47(Ϫ) cells is supported by levels of several additional metabolites. 5-Methyl tetrahydrofolate is a critical methyl donor for thymidine biosynthesis, and CD47(Ϫ) cells exhibited higher basal 5-Me-THF and selective preservation of these levels after irradiation (Fig. 3B) . Methyl groups are also required for biosynthesis of the mitochondrial lipid carrier carnitine, and levels of carnitine and several acyl carnitines fell after irradiation in WT but not in CD47(Ϫ) cells (Fig. 7C ). Finally, methyl groups are required for biosynthesis of choline phospholipids. Choline levels were significantly lower in WT cells at 2 and 8 h after irradiation but were not affected by irradiation in CD47(Ϫ) cells (supplemental Table 1 ). The precursor for choline phospholipid biosynthesis CDP-choline was corresponding decreased at 8 h in CD47(Ϫ) cells but not in WT cells (supplemental Table 1 ). Comparison of 1-acylglycerophosphocholine and 1-acyglycerophosphoethanolamine intermediates indicated that biosynthesis of choline, but not ethanolamine phospholipids, was enhanced after irradiation of CD47(Ϫ) cells, whereas levels of all these lipid intermediates fell after irradiation in WT cells (Fig. 7D) . Methyl groups can also be recovered from choline by oxidation to betaine, which can transfer a methyl group via betaine homocysteine methyltransferase, ultimately yielding sarcosine (46) . Betaine and sarcosine levels fell progressively in irradiated WT cells but remained stable in irradiated CD47(Ϫ) cells (supplemental Table 1 ). Taken together, these data indicate a global enhancement of labile methyl group homeostasis under stress in the absence of CD47 versus global loss of transmethylation and methyl neogenesis in irradiated WT cells.
CD47 Limits Oxidative Stress Responses-The glutathione and glyoxalase pathways are critical for cellular redox homeostasis, and previous metabolomics studies documented that these pathways are compromised by exposure of cells to IR (4, 7). Levels of oxidized and reduced glutathione fell progressively as expected in irradiated WT cells (Fig. 8A) . The half-cell potential of the glutathione redox couple is an informative measure of cell health and biological status (47) . The measured potential for the WT and CD47(Ϫ) non-irradiated cells (Ϫ215 and Ϫ200 mV) was slightly lower than that previously reported for WT Jurkat cells (47) . This may reflect adventitious oxidation of GSH during sample handling. The data show that FIGURE 5. CD47 deficiency redirects basal Krebs cycle metabolism to bypass citrate. A, metabolites involved in shunting of oxaloacetate via aspartyl N-acetyltransferase (asp-NAT) leading to synthesis of N-acetyl-aspartate (NAA) and N-acetyl-aspartyl-glutamate (NAAG) were assessed before and at 2 and 8 h after irradiation. N-Acetyl-aspartyl-glutamate released from cells is converted to N-acetyl-aspartate and glutamate by N-acetylated ␣-linked acidic dipeptidase-2 (NAALAD2). B, NAALAD2 mRNA levels were assessed by quantitative RT-PCR at 0, 2, 8, and 24 h after irradiation. *, p Ͻ 0.05. OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41
CD47 Globally Regulates Metabolism
JOURNAL OF BIOLOGICAL CHEMISTRY 24867
although the E GSH slightly decreased in irradiated WT cells, the E GSH in CD47(Ϫ) cells dramatically increased at 2 h and returned to basal levels, exceeding that of the WT cells at 2 and 8 h (Fig. 8B) . Consistent with the glutathione data, assessment of total free thiol concentrations in cell lysates using Ellman's reagent showed lower basal levels in CD47(Ϫ) cells and an initial decrease at 2 h in irradiated WT cells (Fig. 8C ). Loss of glutathione in the irradiated WT cells may result in part from the observed suppression of glycolysis (48) . Metabolites involved in glutathione biosynthesis including cystathionine, glutamate, ␥-glutamylcysteine, and 5-oxoproline fell progressively after irradiation in WT cells, but none of these metabolite levels fell in the CD47(Ϫ) cells, and ␥-glutamylcysteine levels were elevated above baseline at 8 h (Fig. 8A) . The latter is the immediate precursor of glutathione, indicating more capacity for biosynthetic replenishment of glutathione after irradiation of the CD47(Ϫ) cells. Methylglyoxal is a toxic metabolite produced through cellular responses to radiation-induced redox stress. Glutathione is required for its metabolism to lactate via S-lactoylglutathione and glyoxalase I. Glyoxalase I and II are rapidly induced in response to IR (49) . Consistent with the loss of glutathione homeostasis in irradiated WT cells, levels of S-lactoylglutathione fell dramatically a 2 and 8 h in WT cells (Fig. 8D) . This was not observed in CD47(Ϫ) cells where S-lactoylglutathione levels tended to increase after irradiation. Taken together, these results indicate that irradiated cells maintain a greater capacity to handle redox stress in the absence of CD47.
Improved Metabolic Regulation in Irradiated cd47-null Mouse Tissues-To validate the conclusions from our in vitro studies, we exposed WT and cd47-null mice to an LD 70 dose of total body IR and collected the lungs 24 h post-exposure. We selected lungs as this organ is very sensitive to IR and is protected in the cd47-null cells by activation of autophagy (22) . Consistent with the improved global metabolic stability of irradiated CD47(Ϫ) cells, fewer of the 377 identified metabolites were significantly altered after 24 h in lung tissue of irradiated cd47-null mice than in lungs from irradiated WT mice (14 and 19%, respectively Fig. 9A ). Focusing on glucose metabolism, we observed a similar selective enhancement of the PPP in irradiated cd47-null lungs (Fig. 9B ). Glucose levels were reduced 24 h after IR in both WT and cd47-null lungs. Lactate was also lowered 24 h after IR in both groups, indicating decreased glycolytic flux independent of CD47. Consistent with the in vitro data, basal glucose 6-phosphate and fructose 6-phosphate levels trended lower in cd47-null lung tissue. However, glucose 6-phosphate and fructose 6-phosphate accumulated only in irradiated cd47-null lung tissue. As found in vitro, the increased accumulation of ribose 5-phosphate and sedoheptulose 7-phosphate indicate that cd47-null mice preferentially acti-vate the PPP after exposure to IR. Moreover, citrate levels were reduced in irradiated tissue from WT versus cd47-null mice. Additionally, malate was reduced in irradiated WT but increased in cd47-null tissue, indicating a similar regulation of the TCA cycle in vivo as in vitro. Taken together these data indicate a similar reprogramming of energy metabolism that enables cd47-null tissue to overcome damage caused by IR.
Discussion
These studies identify several novel mechanisms by which CD47 limits the capacity of cells and tissues to survive and recover from damage caused by IR. Whereas mammalian cells normally initiate cell death responses when faced with multiple double-strand breaks in their genomic DNA, CD47(Ϫ) cells mount sustained energetic and DNA repair responses that enable them to repair the damage and continue growth. A global analysis of metabolites indicated that CD47 controls vital cellular subsystems necessary for survival of IR injury including cellular energetics, redox balance, and cellular repair pathways. Thus, CD47 serves as a gatekeeper through which thrombospondin-1 in the extracellular environment limits the ability of cells to initiate cell repairs in the face of extensive DNA damage.
CD47 ligation induces programmed cell death in specific cell types (50) , which may serve a protective function by triggering death of cells damaged by exposure to IR. Selective removal of damaged cells reduces the risk of malignant transformation caused by IR. However, in the face of a lethal dose of whole body radiation, this response can be counterproductive by preventing engagement of cellular repair processes. We have shown that temporary suppression of CD47 levels improves the survival of mice subjected to lethal irradiation by preserving the function of critical radiosensitive tissues in the bone marrow and gastrointestinal tract (21) . Some of the protective cellular metabolic responses observed here may be consequences of known CD47 signaling targets that have been associated with radioresistance including enhanced autophagy, nitric oxide signaling, and c-Myc (18, 21, 22, 29, 50) .
Autophagy is necessary for the ability of CD47 blockade to confer radioprotection in Jurkat cells (22) and a major regulator of cell metabolism (51) . CD47 increases LC3 lipidation and negatively regulates basal expression of sequestosome-1 (p62/ SQSTM1) in Jurkat T cells (22) . In addition to its role in autophagy, p62 interacts with p38 MAP kinase and positively regulates mitochondrial metabolism (52) . Thus, the lower expression of p62 in CD47(Ϫ) cells may explain some of the decreases in mitochondrial metabolites in these cells.
Thrombospondin-1 and CD47 are negative regulators of mitochondrial biogenesis in mice (39) , and CD47(Ϫ) Jurkat cells correspondingly have more mitochondrial mass than WT cells. Skeletal muscle of cd47-null mice has increased expres-FIGURE 6. CD47 deficiency enhances mitochondrial function and gene expression. A, relative mitochondrial mass in WT and CD47(Ϫ) Jurkat cells was assessed by staining with Mitotracker Green mean Ϯ S.D. n ϭ 3; * denotes p Ͻ 0.01. B, Mitochondrial cytochrome-c oxidase-1 (MTCO1) mRNA levels were assessed by quantitative RT-PCR after irradiation of WT and CD47(Ϫ) cells. C, OCR were assessed using an XF24 analyzer in control and irradiated WT and CD47(Ϫ) cells. D, blockade of CD47 regulates oxygen consumption rate in WT cells. OCRs were assessed using an XF24 analyzer in control and irradiated WT pretreated in the presence or absence of a CD47 antisense morpholino (10 M). E, basal OCR was calculated as the area under the curve (AUC) for measurements 1-4 and is presented as the mean Ϯ S.D. n ϭ 3-4. * denotes p Ͻ 0.01. F, PGC1␣ mRNA levels were assessed by quantitative RT-PCR and are presented as -fold change relative to untreated WT cells (mean Ϯ S.D., n ϭ 3-4, * denotes p Ͻ .01). G, GPX1 mRNA levels were assessed 24 h post-IR by quantitative RT-PCR and are presented as -fold change relative to untreated WT cells (mean Ϯ S.D. n ϭ 3; * denotes p Ͻ .01). H, ratios of NADH/NAD ϩ in control and irradiated WT and CD47(Ϫ) cells (mean Ϯ S.E., n ϭ 2). I, total NAD in control and irradiated WT and CD47(Ϫ) cells (mean Ϯ S.E., n ϭ 2). FIGURE 8. Regulation of reactive oxygen species response pathways by CD47. A, differential regulation of glutathione metabolites in irradiated WT and CD47(Ϫ) Jurkat cells. ROS, reactive oxygen species. GS, glutathione synthetase; GGT, ␥-glutamyl transpeptidase; GCS, ␥-glutamyl cysteine synthetase. B, cellular chemical potential of the glutathione redox couple in control and irradiated WT and CD47(Ϫ) (mean Ϯ S.E., n ϭ 3). C, free thiol concentrations in the indicated cell lysates were determined by colorimetric assay using Ellman's reagent. D, CD47 deficiency preserves the ability of irradiated cells to detoxify ␣-oxyaldehydes via glyoxalase-1. Baseline (no enzyme) levels were evaluated at 0, 2, 8 and 24 h post-radiation (mean Ϯ S.D., n ϭ 3, p Ͻ 0.05, * relative to time 0, # relative to WT). sion of the transcription factor PGC1␣ (39) . PGC1␣ is further induced by irradiation in CD47(Ϫ) but not in WT Jurkat cells and positively regulates several of the genes we found to be selectively induced by irradiation in the CD47(Ϫ) cells including Cox5 and Gpx1. Gpx1 is a cytosolic and mitochondrial enzyme that is cytoprotective against oxidative stress, which may contribute to the increased resistance of CD47(Ϫ) cells to radiation. Through this and other transcriptional targets, PGC1␣ inhibits the generation of mitochondrial-driven reactive oxygen species (40) , which may contribute to the preservation of a favorable redox environment in irradiated CD47(Ϫ) cells. PGC1␣ positively regulates glucose consumption and ATP levels and decreases lactate excretion in human melanoma cells (53) . The latter is consistent with the lower basal intracellular lactate level in WT versus CD47(Ϫ) cells. CD47(Ϫ) Jurkat cells exhibit elevated expression of c-Myc that is suppressed when CD47 is ligated by thrombospondin-1 (29) . c-Myc is a global regulator of cell metabolism (54, 55) . Overexpression of c-Myc in pre-B cells increased their glucose uptake, glycolysis, and lactate generation (30) . The increased glucose uptake in CD47(Ϫ) cells is consistent with this report and their elevated c-Myc expression. The elevated extracellular acidification rate in untreated CD47(Ϫ) cells is also consistent with the known stimulation of lactate production by c-Myc. However, elevated intracellular lactate was only observed in the CD47(Ϫ) cells relative to WT 8 h after irradiation. Myc also increases the PPP and downstream pyrimidine nucleotide biosynthetic pathways (55) . Correspondingly, basal 6-phosphogluconate levels were increased in untreated CD47(Ϫ) cells, which would support enhanced nucleotide biosynthesis in irradiated CD47(Ϫ) cells.
c-Myc also regulates mitochondrial function. Induction of c-Myc in human B lymphocytes increased oxygen consumption and mitochondrial mass, whereas Myc-null cells have decreased mitochondrial mass and numbers (56, 57) . Consistent with these observations, CD47(Ϫ) T cells have more mitochondria and increased oxygen consumption. Therefore, some of the basal differences in mitochondrial energy metabolism in CD47(Ϫ) cells may be direct consequences of their elevated c-Myc expression.
The ability of irradiated CD47(Ϫ) cells to maintain total and reduced glutathione levels better than irradiated WT cells is consistent with reports that c-Myc enhances glutamine metabolism via glutaminase, which is limiting for maintenance of cellular glutathione levels and resistance of cells to oxidative stress (58, 59) . However, the elevated c-Myc mRNA expression in CD47(Ϫ) cells was lost after irradiation, suggesting that additional pathways are involved in the preferential maintenance of reduced glutathione in irradiated CD47(Ϫ) cells.
Labile methyl group homeostasis plays multiple roles in cellular responses to stress. 5-Methyl-tetrahydrofolate is required for biosynthesis of thymidine to replace that lost due to DNA damage and is maintained preferentially in irradiated CD47(Ϫ) cells. Radiation-induced reactive oxygen species causes extensive oxidative damage to membrane phospholipids, and CD47 regulates the maintenance of one carbon intermediates required to replace damaged phosphatidylcholine. Meeting cytoplasmic energy needs requires the creatine kinase system to shuttle high energy phosphates out of the mitochondria and is also critical for cells to adapt to rapidly changing energy demands (60) . CD47(Ϫ) cells basally maintain higher creatine levels by controlling levels of the key enzyme in its biosynthesis GATM, and these levels are more resistant to radiation than those in WT cells. Based on the known cytoprotective activity of exogenous creatine for cells exposed to UV irradiation (45) and its utility as a radiation biomarker, we predict that the favorable creatine metabolism in CD47(Ϫ) cells contributes to their radioresistance. In addition to its role in mitochondrial lipid oxidation, acetyl carnitine was reported to have a cytoprotective activity that is independent of mitochondrial metabolism and involves preservation of anaerobic glycoly-FIGURE 9. Metabolic responses of WT and cd47-null mice to total body irradiation. A. global metabolic responses of lung tissue from WT and cd47-null mice exposed to 7.6 Gy total body irradiation. At 24 h post-IR lung tissue was harvested and flash-frozen for metabolomic analysis (n ϭ 7 or 8). Numbers of metabolites significantly altered relative to untreated lung tissue 24 h after irradiation and numbers up-(red) or down-regulated (green) are presented. B, representative metabolite levels at 24 h in lung tissue of WT and cd47-null mice exposed to total body irradiation at a dose of 7.6 Gy. sis (61) . Selective preservation of acetyl carnitine levels in irradiated CD47(Ϫ) cells, therefore, may further enhance their radioresistance.
Viewed globally, CD47 has remarkably pleiotropic effects on cellular responses to the damage caused by IR. It is unlikely that any one of the known signaling pathways controlled by CD47 can account for all of these metabolic responses, but based on evidence that autophagy is necessary for radioprotection of CD47-deficient cells, we predict that autophagy plays a prominent role in global metabolic regulation by CD47. CD47 also plays a number of tissue-specific roles such as regulating blood flow, central blood pressure, platelet hemostasis, and regulating surveillance by phagocytic cells. We propose that modulating global responses to stress constitutes a more universal and evolutionarily ancient function of CD47 signaling. The present data reinforce the therapeutic potential for targeting CD47 to protect or sensitize cells and tissues to IR. Further work will be required to understand why normal and cancerous cells differ in their metabolic responses to CD47 blockade. 
